The kinases Mnk1 and Mnk2 are activated downstream of the p38 MAPK and MEK/ERK signaling pathways. Extensive work over the years has shown that these kinases control phosphorylation of the eukaryotic initiation factor 4E and regulate engagement of other effector elements, including hnRNPA1 and PSF. Mnk kinases are ubiquitously expressed and play critical roles in signaling for various cytokine receptors, and there is emerging evidence that they have important functions as mediators of proinflammatory cytokine production. In this review, the mechanisms of activation of MNK pathways by cytokine receptors are addressed and their roles in diverse cytokine-dependent biological processes are reviewed. The clinical-translational implications of such work and the relevance of future development of specific MNK inhibitors for the treatment of malignancies and autoimmune disorders are discussed.
Introduction
Mnk1 and Mnk2 are serine/threonine kinases that were initially identified as Erk substrates in two independent studies (1, 2) . In the study by Fukunaga and Hunter (1), a search was performed for Erk1 substrates by screening a cDNA library with a novel solid-phase phosphorylation method using purified Erk1 and labeled γ-ATP. Mnk1 was identified by this screen and was shown to be activated by various stress inducing agents as well as cytokines in a p38 MAPK-or Erk-dependent manner, while it was established that such activation is JNKindependent (1). In a separate study by Waskiewicz et al. (2), a yeast-two hybrid system search for Erk2 binding partners identified Mnk1 and Mnk2 as potential Erk targets. These investigators demonstrated that Mnk1 can interact with and undergo phosphorylation by Erk2 or p38 MAPK on Thr197/ Thr202 in mice and Thr209/Thr214 in humans, whereas Mnk2 could only interact with and be activated by Erk2 (2) . This study also demonstrated that Mnk1 is activated in response to mitogens and stress-inducing agents and identified eukaryotic initiation factor 4E (eIF4E) as a possible Mnk1 substrate (2) . Mnk1 regulates eIF4E phosphorylation in response to external stimuli, whereas basal Mnk2 activity is high in cells and accounts for the constitutive eIF4E phosphorylation levels (3, 4) . Mnk1 and Mnk2 share 72% of their amino acid sequence and contain conserved MAP kinase phosphorylation sites in the T-loop of the kinase domain, a catalytic domain, and an Erk binding domain in the carboxyl terminus (2) . Mnk1 and Mnk2 are both alternatively spliced in humans (a and b isoforms). It should be noted that the b isoforms lack a MAPK binding domain and are therefore resistant to regulation by Erk or p38 MAPK (5, 6) .
Although most studies do not focus on differences in the functions of Mnk1 and Mnk2, there is emerging evidence that variances in the amino acid sequence of the catalytic domains and the C terminal regions of the kinases contribute to differences in their activities (7) . Mnk1 has lower basal activity as compared to Mnk2, whereas Mnk2 activity is more resistant to upstream inhibition of either p38 MAPK or Erk (7) . An Asp residue in the catalytic domain of Mnk2 is necessary for its enhanced catalytic activity, whereas mutating the corresponding amino acid residue in the Mnk1 catalytic domain to Asp enhances the catalytic activity of Mnk1 (7) . Interestingly, swapping the Mnk1 and Mnk2 C-terminal domains results in decreased activity in Mnk2 but fails to enhance Mnk1 activity (7) . Mnk1 can interact with both p38 MAPK and Erk, whereas Mnk2 cannot bind p38 MAPK and, compared to Mnk1, exhibits enhanced binding ability for phosphorylated Erk (7) . Such enhanced binding of Mnk2 to Erk appears to be partially mediated by a glutamine (Gln) residue in the MAPK binding domain, but this is not sufficient to completely explain the observed differences and additional mechanisms may be involved (7) .
The initiation factor eIF4E is the best characterized target of Mnk kinases, although the precise role of phosphorylation of eIF4E and its resulting effects on translation remain to be defined. Mice with targeted disruption of either Mnk1 or Mnk2 or both Mnk1 and Mnk2 are viable and are phenotypically similar to the wild-type mice under unstressed conditions (8) . Interestingly, phosphorylation of eIF4E is not detected in Mnk1/2 -/-mice, suggesting that such phosphorylation is not essential for survival (8) . Moreover, Mnk1/2 -/-mice do not have an impaired rate of protein synthesis or cap-dependent translation (8) . In another study, the expression of constitutively active Mnk1 and Mnk2 mutants or the activation of Mnk1 by stimulation of either p38 or Erk was found to diminish the rate of cap-dependent translation relative to the internal ribosome entry site-mediated translation (9) . Given the reduced affi nity of capped RNA for phosphorylated eIF4E it has been suggested that phosphorylation on S209 may result in the disassociation of eIF4E from the initiation complex allowing the 40S ribosome to scan for the initiation codon (10, 11) .
Role of Mnk kinases in cytokine production
The immune response to pathogens requires tight regulation of genes that mediate early, transient, and late immune responses. The innate immune response is launched on detection of pathogens by leukocytes, mainly circulating dendritic cells (DCs), neutrophils, natural killer (NK) cells, monocytes, eosinophils, and basophils, along with tissue-resident mast cells and macrophages (12) . The initial phase results in the release of various cytokines, such as tumor necrosis factor α (TNF α ), interferons (IFNs), interleukins (IL)-1 β , IL-4, IL-6, IL-10, IL-12, IL-18, RANTES, and transforming growth factor (TGF)-β (13) . The adaptive immunity is regulated by activated T lymphocytes that secrete a variety of cytokines, such as IL-2, IL-4, IL-5, IFN γ , IL-13 and others that regulate differentiation of T cells into T helper cells, proliferation and activation of B lymphocytes as well as stimulation of antibody synthesis by B cells (14) . Notably, MAPK pathways play important roles in the production of cytokines involved in both innate and adaptive immunity [(reviewed in (15) ]. As Mnk kinases are downstream effectors of MAPK pathways, they are good candidates as putative mediators of MAPKmediated cytokine production. These observations have triggered extensive studies to address their potential involvement in such responses.
To assess the role of Mnk kinases in cytokine production, Rowlett et al. (16) examined cytokine production in response to various stimuli in the presence or absence of the Mnk pharmacological inhibitor CGP57380. These investigators demonstrated that inhibition of Mnk kinase activity resulted in attenuated TNF α production by macrophages after treatment with multiple Toll-like receptor (TLR) agonists, such as ODN1826 (TLR9 agonist), LPS (TLR4 agonist), imiquimod (TLR5 agonist), FSL (TLR6/2 agonist), and fl agellin (TLR5 agonist) (16) . Additionally, the Mnk inhibitor also suppressed the production of IL-6 by murine macrophages in response to TLR agonists (16) . In other studies, inhibition of Mnk kinase activity in bone marrow derived macrophages from a spontaneous murine model of Crohn ' s-like ileitis attenuated production of TNF α , IL-6, and monocyte chemoattractant protein (MCP)-1 and transiently induced the expression of IL-10 (16) . Altogether these studies established that Mnk kinases (17) demonstrated an important role for the Mnks in the release of proinfl ammatory cytokines in keratinocytes. It was shown that inhibition of the Mnk kinases in cultured human keratinocytes attenuates TNF α , IL-6, or IL-1 β release in response to stimulation with the p38 MAPK agonist anisomycin. Additionally, the presence of the Mnk inhibitor also suppressed IL-1 β -stimulated TNF α release (17) . Inhibition of Mnk kinases also negatively regulates post-transcriptional regulation of IFN γ and IL-4 in activated murine NK cells (18) and blocks Shiga toxin-mediated release of IL-1 β and IL-8 (19) . Thus, Mnk kinases play important roles in the control of immune responses and elucidating the precise mechanisms of Mnk-mediated post-transcriptional regulation of cytokine production will have important therapeutic implications. The role of the Mnk kinases in regulating cytokine production in macrophages is summarized in Figure  1 . In the following sections, we summarize the current studies that have examined the mechanism(s) of Mnk-mediated production of different cytokines.
TNF α
TNF α was initially identifi ed as a cytotoxic factor secreted by macrophages with antitumor activities (20) . Later studies demonstrated an important role for TNF α in mediating systemic infl ammation based on its ability to mediate lethal endotoxin poisoning and lethal septic shock (21 -23) . The production of this cytokine is deregulated in a variety of human diseases including malignancies (24) , Alzheimer ' s disease (25) , major depression (26) , and infl ammatory bowel disease (27) . TNF α production is tightly controlled by both transcriptional and post-transcriptional mechanisms. The 3 ′ -untranslated region (UTR) of the TNF α mRNA has been found to contain AU-rich elements (AREs) that are important in the post-transcriptional regulation of TNF α mRNA (28) by controlling mRNA processing (29) , mRNA stability (30) , as well as translational inhibition (31) . The importance of the AREs in regulating TNF α production is underscored by studies demonstrating that mice lacking AREs in the 3 ′ UTR exhibit enhanced TNF α production resulting in chronic infl ammatory arthritis and Crohn ' s-like infl ammatory bowel disease (30) . The involvement of the MAPK pathways, specifi cally p38 MAPK and Erk in the control of TNF α production in response to various stimuli has been extensively established (32, 33) , and has suggested that common downstream targets of these distinct MAPK pathways may play a role in TNF α production.
Work by Buxade et al. (34) showed that TNF α production in activated T cells is partially inhibited by inhibition of either p38 or Erk MAPK, whereas concurrent inhibition of p38 and Erk completely abolished TNF α production. Pharmacological inhibition of Mnk or Mnk1 knockdown demonstrated similar effects, suggesting an important role for Mnk kinases in TNF α production (34) . Interestingly, this study demonstrated that although the Mnk inhibitor completely abolished the phosphorylation of eIF4E and suppressed TNF α production by 70 % , global mRNA translation was blocked by only 20 % suggesting that eIF4E-mediated translation initiation does not account for all observed effects of the Mnk inhibitor on TNF α production (34) . This work also established that the heterogeneous nuclear ribonucleoprotein (hnRNP) A1, an ARE binding protein, can be phosphorylated by Mnk1 (34) . Mnkmediated phosphorylation of hnRNPA1 on residues 192 and 301/302/303 was found to reduce the affi nity of hnRNPA1 for the ARE in the TNF α mRNA 3 ′ UTR, facilitating the translation of the TNF α mRNA (34) . Altogether, these results provided evidence for an important role for Mnk1-mediated phosphorylation of hnRNPA1 in promoting TNF α mRNA translation. Notably, a variety of mRNAs, such as those encoding granulocyte-macrophage colony-stimulating factor (GM-CSF), IFN γ , IL-3, c-fos, and v-myc have been shown to contain ARE sequences (35) , raising the possibility for regulatory effects for Mnk1 and hnRNPA1 in the mRNA translation of such mRNAs, although this remains to be directly determined.
A separate study systematically used a proteomic approach to identify novel Mnk1 substrates based on their abilities to interact with a 5 ′ -7-methylguanylate cap bound resin (36) . These studies identifi ed PSF [PTB (polypyrimidine tract binding protein) associated splicing factor] as a Mnk substrate that undergoes phosphorylation on Ser8 and Ser283 (36) . A series of immunoprecipitation experiments indicated that the retention of PSF on the cap bound resin refl ected its ability to interact with mRNA and not its ability to associate with cap binding proteins (36) . As previous studies had shown that PSF along with its binding partner p54nrb can bind ARE containing mRNAs (37) , this study established that Mnk1-mediated phosphorylation of PSF in response to T cell activation facilitates the interaction between the PSF/p54nrb and the ARE containing mRNAs, such as TNF α and GM-CSF (36) . The authors also demonstrated that PSF/p54nrb binding to ARE does not affect the nuclear-cytoplasmic distribution or TNF α mRNA stability (36) . The importance of Mnk-induced binding of PSF/p54nrb to ARE containing mRNAs and its effects on translation of the respective mRNAs remains to be determined. It should be noted that many recent studies have shown that although eIF4E interacts with all capped mRNA, its phosphorylation on Ser209 affects mRNA translation of only a specifi c subset of mRNAs by mechanisms that remain unclear at this time (38, 39) . The contribution of eIF4E in mediating the translation of TNF α mRNA remains to be precisely defi ned. Future studies examining TNF α production in cells overexpressing wild-type eIF4E or constitutive phosphorylated mutants or mutants that cannot be phosphorylated should provide more conclusive evidence for the role of Mnk-mediated eIF4E phosphorylation in TNF α mRNA translation.
The role of the Mnk kinases in mediating TNF α production in activated T cells is summarized in Figure 2 . TNF α production is elevated in various autoimmune diseases, such as rheumatoid arthritis, ankylosing spondylitis, Crohn ' s disease, and psoriasis (40) . Thus, inhibition of the Mnk kinases may have potential therapeutic applications in the treatment of the above diseases.
RANTES
RANTES also known as CCL5 [Chemokine (C-C motif) ligand 5] was initially identifi ed as a cytokine secreted by cytotoxic T lymphocytes (41) . RANTES is also secreted by platelets, macrophages, eosinophils, and fi broblasts, as well as endothelial, epithelial, and endometrial cells (42) . This chemokine functions as a chemoattractant for monocytes (43) , NK cells (44) , memory T cells (43) , eosinophils (45) , and DCs (46) and along with macrophage inhibitory protein (MIP)-1a and MIP-1b acts as an HIV suppressive factor (47) . Transcription of RANTES in activated T cells is regulated by RANTES factor of late-activated T lymphocytes-1 (RFLAT-1), a transcription factor which binds to the RANTES promoter (48) . Whereas RFLAT-1 mRNA is present at all stages of T cell differentiation, RFLAT-1 protein expression is observed only 3 days post T cell stimulation (49) . The RFLAT-1 mRNA is characterized by a GC rich 5 ′ UTR and multiple upstream open reading frames which contribute to its translational repression (49) . Overexpression of eIF4E or constitutively active Mnk1 enhanced translation of RANTES mRNA, whereas a kinase dead Mnk1 attenuated RFLAT-1 expression (49) . Additionally, IL-2 stimulation of T cells appears to upregulate RFLAT-1 and RANTES protein levels with a corresponding increase in eIF4E phosphorylation (49) . As both Mnk1 and Mnk2 can phosphorylate eIF4E, Mnk2 may also be involved in RFLAT-1 translation and the consequent secretion of RANTES.
Various studies have suggested a role for MAPK pathways in controlling RANTES production (50) . Respiratory syncytial virus-mediated post-transcriptional regulation of RANTES in airway epithelial cells is dependent on both p38 MAPK and Erk (51) , suggesting that Mnk kinases may also be involved in the post-transcriptional regulation of RANTES mRNA. It should be noted that RANTES knockout mice are characterized by impaired T cell proliferation and an attenuated expression of IL-2 and IFN γ (52) , whereas RANTES overexpression has been associated with various autoimmune diseases, such as asthma (53) , rheumatoid arthritis (54) , and multiple sclerosis (55) . Although RANTES can promote immune responses against malignant cells, it also appears to play an important role in tumor progression and metastasis (56) . Thus, a better understanding of the role of Mnk kinases as mediators and regulators of RANTES expression may establish a potential role for Mnk inhibitors as therapy for various autoimmune diseases, as well as in cancer prevention and therapeutics.
Interleukin 17 (IL-17)
IL-17 was identifi ed as an ARE containing rodent cDNA transcript isolated from an activated T cell hybridoma (57) . This cytokine is mainly produced by activated CD4 + and CD8 + T cells (58) and can regulate T cell responses (59) . It can induce the production of cytokines or chemokines, such as IL-8 (60) , MCP-1 (61) , MIP-2 (62) , IL-6 (63) , and Gro α (64) resulting in an infl ammatory response and recruitment of monocytes and neutrophiles (65, 66) . IL-17 production by CD4 + T (Th17) cells is mediated by MAPK pathways (67) . Noubade et al. (68) examined the role of the p38 MAPK in mediating IL-17 production and in regulating experimental allergic encephalomyelitis, the experimental murine model for multiple sclerosis. These studies established that IL-17 production is attenuated in primary murine CD4 + Th17 cells in the presence of a p38 MAPK inhibitor (68) . Such regulation was controlled at the post-transcriptional level as there were no signifi cant differences in IL-17 mRNA levels in the presence or absence of the p38 MAPK inhibitor (68) .
In vitro-induced differentiation of CD4
+ T cells into Th17 cells was found to result in the phosphorylation of eIF4E in a p38 MAPK-and Mnk kinase-dependent manner (68) . Importantly, inhibition of Mnk kinases using a pharmacological Mnk inhibitor signifi cantly decreased IL-17 production by Th17 cells, whereas IL-2 secretion was unaffected (68) . Altogether, these results raise the possibility that inhibition of the Mnk kinases may prove to be a useful therapeutic for the treatment of autoimmune diseases, such as multiple sclerosis.
In addition to regulating IL-17 expression, there are many reports indicating that Erk and p38 MAPK are involved in IL-17-induced production of other cytokines (62, 63, 69) , suggesting a role for Mnk1 in mediating IL-17-dependent biological responses. IL-17-mediated engagement of the p38 MAPK pathway enhances TNF α -mediated IL-8 mRNA stability in human airway smooth muscle cells (69) . Additionally, IL-17-mediated activation of both p38 MAPK and Erk regulates IL-17-induced release of IL-6 and IL-8 from human bronchial epithelial cells (63) , leading to clinical instability in patients with coronary artery disease (70) ; and it can also synergize with TNF α and IL-1 β in modulating MCP-1 and MIP-2 production in cultured mesangial cells (62) . Moreover, IL-17-dependent MAPK activation plays an important role in MMP-1 production by human cardiac fi broblasts (71) and modulates IL-17- induced C-reactive protein expression in hepatocytes, as well as in coronary artery smooth muscle cells (72) . The role of the Mnk kinases in IL-17 production and signaling is summarized in Figure 3 . Thus, there is emerging evidence that IL-17-mediated activation of Erk and p38 MAPKs are important in the pathophysiology of chronic infl ammation, asthma, atherosclerosis, and thrombosis.
Mnk kinases are known to mediate the production of cytokines, such as IL-6 (16) , IL-8 (19) , IL-1 β (19) , and MCP-1 (16) , which are also induced by IL-17 signaling. Therefore, Mnk kinases may play a role in mediating the biological responses to IL-17 signaling. Considering the important role of enhanced IL-17 production or enhanced IL-17 signaling in various diseases, such as asthma (73) , psoriasis (74) , atopic dermatitis (75) , infl ammatory bowel disease, rheumatoid arthritis, autoimmune iritis, and central nervous system autoimmune syndromes (76) , it will be important and clinically relevant to further explore the role of Mnk kinases in IL-17 production and IL-17 signaling.
Mnk kinases in cytokine signaling
Various cytokines, such as TNF α , IL-1 β , and others engage the Mnk1/eIF4E pathway (77) 
Mnk kinases in type I and type II IFN signaling
IFNs exhibit antineoplastic and antiviral properties and modulate immune responses (78, 79) . Type I IFNs include IFN α , IFN β , IFN ω , IFN δ , IFN ε , IFN κ , IFN τ , and other IFNs characterized by their selective binding to a common cell surface receptor, the type I IFN receptor (IFNR) (78, 79) . Receptor-associated JAK kinases are then activated and control phosphorylation of signal transducers and activators of transcription (STAT) proteins (78, 79) . This results in formation and nuclear translocation of different DNA binding complexes important for transcription including the ISGF3 (IFN stimulated gene factor 3) complex consisting of phosphorylated STAT1, STAT2, and IRF-9, which regulates transcription via binding to ISREs (IFN-stimulated response elements) (78, 79) . IFN γ is the only known type II IFN, and it mediates its effects by binding to a cell surface receptor consisting of IFNGR1 and IFNGR2 chains which are associated with JAK1 and JAK2, respectively (78, 79) . IFN γ -activated JAKs subsequently phosphorylate STATs that form either homodimers or heterodimers and activate transcription by binding to GAS (IFN γ -activated sequences) sequences in target gene promoters (78, 79) .
In addition to the JAK-STAT pathway, MAPK pathways play important roles in mediating the biological effects of both type I and type II IFNs. Engagement of the type I IFNR results in activation of p38 MAPK in a Rac1-and MKK6-dependent manner (80 -82) , and such activation is ultimately required for optimal type I IFN-mediated gene transcription and generation of the biological effects of type I IFNs (82 -85) . In the case of type II IFNs, engagement of the p38 MAPK is not required for transcription via GAS elements (86) but is essential for mediating its antiproliferative responses on primitive hematopoietic cells (87) .
Type I and type II IFNs have also been shown to engage the Erk MAPK to mediate their biological effects (88, 89) . Interestingly, in the case of type I IFNs, engagement of Erk is important for transcription-independent IFN α -induced apoptosis (90) , whereas activation of Erk can negatively regulate the antiproliferative effects of IFN α on CD4 + T cells (91) as well as in human myeloma cell lines (92) . Additionally, a downstream Erk target, RSK1 has been shown to regulate eIF4B phosphorylation in certain hematopoietic cell types and plays an important role in the control of IFN-induced mRNA translation and IFN α antileukemic responses (93) . In the case of IFN γ , Erk regulates IFN γ -dependent proteosomal degradation of PPAR γ (94) and enhances IFN γ -regulated transcription by CCAAT-enhancer binding protein-β (C/CEBP-β ) (88) . In addition, inhibition of Erk1 can partially reverse the antiproliferative effects of IFN γ on oligodendroglial progenitor cells (95) .
As Mnk kinases are known effectors of both the p38 and Erk MAPK cascades, studies in our laboratory examined their potential involvement in IFN signaling. When U937 human myeloid leukemia cells or U266 human myeloma cells were treated with IFN α or IFN β , we observed an increase in the phosphorylation of Mnk1 and its downstream target eIF4E (96) . Studies involving pharmacological inhibition of Mnk kinases or studies in mouse embryonic fi broblasts (MEFs) lacking both Mnk1 and Mnk2 demonstrated that the phosphorylation of eIF4E on Ser209 by type I IFNs is controlled by Mnk kinases (96) . In experiments employing pharmacological inhibition of p38 MAPK or p38 α knockout MEFs we found that type I IFN-mediated engagement of Mnk1/eIF4E is p38 MAPK-independent (96) . By contrast, the engagement of Mnk1/eIF4E by type I IFNs was found to be MEK1/ Erk-dependent (96) . In further studies, it was established that pharmacological inhibition of Mnk kinases attenuates IFN α -stimulated expression of ISG15, an ISG known to play roles in mediating the biological effects of type I IFNs (97) . IFN α -induced ISG15 expression was attenuated in MEFs with targeted disruption of either Mnk1 or Mnk2 or both Mnk1 and Mnk2 (96) . Transcriptional mRNA induction of ISG15 by IFN α was unaltered in MEFs with a targeted disruption of both Mnk1 and Mnk2; consistent with these results, Mnk kinases did not mediate IFN α -induced phosphorylation of STAT1 (96) . Analysis of polysomal mRNA in the presence or absence of IFN α revealed that Mnk kinases are essential for the optimal translation of ISG15 as well as ISG54; and that such Mnk mediated translation of ISGs is essential for generation of the antiproliferative effects of IFN α on leukemic cell lines and primary hematopoietic progenitors derived from normal donors (96) . Thus, ours results indicate an important role for Mnk1 in mediating biological responses to type I IFNs.
We also determined the role of the Mnk kinases in mediating cellular responses to IFN γ . Treatment of U937 cells with IFN γ was found to result in phosphorylation of Mnk1 and its downstream target eIF4E in an Erk-dependent manner (98) . IFN γ -induced IRF-1 protein expression was attenuated in the absence of Mnk expression or activity (98) . Analysis of polysomal mRNA revealed a requirement for both Mnk1 and Mnk2 in mRNA translation of IRF-1 (98) . Inhibition of Mnk activity or siRNA-mediated knockdown of both Mnk1 and Mnk2 was found to partially abrogate the antiproliferative effects of IFN γ on U937 cells and normal hematopoietic progenitors (98) .
Both type I and type II IFNs have been shown to exert potent antitumorigenic effects (78, 79) and therefore a better understanding of the signaling pathways involved in mediating such antiproliferative responses could potentially allow optimization of their use in clinical medicine. The role of the Mnk kinases in mediating cellular responses to type I and type II IFNs is summarized in Figure 4 . Our results indicate an important role for the Mnk kinases in the generation of the biological effects of IFNs, but the downstream mechanisms remain to be elucidated. The initiation factor eIF4E is an obvious candidate for future studies but other Mnk substrates, such as Sprouty 2 (99) , hnRNPA1 (34) , and PSF (36) may also be important for IFN responses. Notably, eIF4E has been shown to play an important role in mediating mRNA nuclear export (100) , independently of its role in translation, and future studies should address a potential involvement of eIF4E in the nuclear export of ISGs.
The Mnk kinases may also play roles in the production of IFN γ by NKT cells (18) . These observations combined with our results raise the possibility of a positive feedback regulatory loop, in which Mnk kinases both regulate type II IFN production and positively mediate type II IFN responses. Therefore, inhibition of the Mnk kinases in disorders, such as rheumatoid arthritis (RA), multiple sclerosis (MS), schizophrenia, and other autoimmune skin disorders characterized by enhanced IFN γ production (101) may prove to have potent therapeutic implications in the future.
Mnk kinases in IL-2 and IL-15 signaling
IL-2 plays key roles in promoting T cell proliferation in response to mitogenic stimulation of T lymphocytes (102) . IL-15 was initially identifi ed as a cytokine that could support the proliferation of an IL-2-dependent cell line in the presence of neutralizing antibodies against IL-2 (103, 104) . Some similarities in the in vitro activities of IL-2 and IL-15 are mediated by a shared receptor subunit (105) ; however, studies in mice lacking IL-15 (106) or IL-2 (107) suggest that the two cytokines mediate distinct biological functions (108) . Similar to IL-2, IL-15 can mediate differentiation of NK cells as well as drive the proliferation of na ï ve T cells (108) . However, whereas IL-2 plays a crucial role in the elimination of self-reactive T cells preventing autoimmunity (109) , IL-15 is important for mediating the prolonged maintenance of CD8 + T cells (110) and can negatively regulate the anti-autoimmunity function of IL-2 (111) . Therefore, a better understanding of the mechanisms regulating IL-2 and IL-15 signaling should have important implications in cancer immunotherapy as well as in the design of new approaches for the treatment of autoimmune diseases.
IL-2 and IL-15 signaling involves engagement of the JAK-STAT pathways (112, 113) . In addition, IL-2 and IL-15 also engage the phosphatidylinositol-3-kinase -AKT pathway as well as the Ras/Raf/Erk and p38 MAPK pathways, which play important roles in mediating the biological effects of these cytokines (114 -116) . Grund et al. (117) examined the role of Mnk1 in mediating IL-2 and IL-15 signaling in NK cells. These investigators noted that mice with targeted disruption of IL-2R β , IL-2R γ , IL-15, and Ets1 [Avian erythroblastosis virus E26 (v-ets) oncogene homolog-1] were all characterized by lack of NK cells, suggesting IL-2 and IL-15 regulate the expression of Ets-1 (117) . They also demonstrated that IL-2 and IL-15 treatment of NK cells results in an increase in Ets1 protein synthesis, whereas Ets1 mRNA levels remain unchanged, suggesting post-transcriptional regulation of Ets1 mRNA by the two cytokines (117) . Studies involving inhibition of p38 MAPK, Akt, and Erk MAPK revealed a role for Erk in mediating Ets1 protein synthesis in response to IL-2 or IL-15 treatment of cells (117) . IL-2 treatment of NK cells resulted in the phosphorylation of Mnk1/ eIF4E in an Erk-dependent manner, whereas expression of a dominant negative Mnk1 construct attenuated IL-2-induced Ets-1 expression (117) . Altogether, the results of this work suggest that IL-2 and IL-15 mediate NK cell proliferation by upregulating Ets-1 protein synthesis via the Erk/Mnk1/eIF4E pathway (117) . However, this study did not directly address the role of Mnk1 in mediating NK cell proliferation and the data presented did not defi ne whether Mnk1-mediated Ets-1 protein synthesis is regulated by increased translational effi ciency or by controlling nuclear export or mRNA stability of Ets-1 mRNA. The Ets-1 transcription factor has been shown to induce a proinfl ammatory response (118) and promote the invasive behavior of endothelial cells, vascular smooth muscle cells, and epithelial cancer cells (119) . Notably, Ets-1 hypomorphic mice exhibit enhanced B cell activation and develop autoimmune disease (120) . Further research is required to understand the mechanism of Mnk1-mediated Ets-1 protein expression and such studies may ultimately prove to have therapeutic implications in cancer immunotherapy and in the prevention of autoimmune diseases.
Mnk kinases in TGF-β signaling
TGF-β is a cytokine that plays an important role in innate immunity and can regulate numerous cellular processes including hematopoiesis, cell proliferation and differentiation (121) . TGF-β can mediate an anti-infl ammatory response by inhibiting T cell proliferation and suppressing immune responses (122) . Binding of this cytokine to its cellular receptor leads to recruitment and phosphorylation of receptor-associated SMAD proteins which heterodimerize with co-SMADs, translocate to the nucleus, and regulate the trans cription of target genes by recruitment of co-activators or co-repressors [reviewed in (123) ]. Several studies have suggested an important role for the p38 MAPK and Erk pathways in the generation of TGF-β biological responses (124, 125) , raising the possibility that kinases downstream of these pathways may play important roles in TGF-β signaling.
Grzmil et al. (126) identifi ed Mnk1 as a protein highly expressed in glioma cell lines as well as primary glioblastoma multiforme (GBM). Inhibition of Mnk kinases was found to suppress the growth of GBM cells and such suppression was enhanced by co-treatment of the cells with the mTOR inhibitor rapamycin (126) . As Mnk kinases are involved in translational regulation, the researchers conducted microarray analysis comparing mRNA expression in total and polysomal mRNA fractions in cells in the presence or absence of siRNA targeting Mnk1 (126) . Suppression of Mnk expression did not affect global mRNA translation but the mRNA translation of proteins involved in TGF-β signaling, such as SMAD2, BMP8, as well as DP-1 were downregulated in Mnk1 knockdown cells (126) . Inhibition of Mnk activity or expression was found to suppress the TGF-β -induced migratory ability of glioma cell lines in a wound healing assay (126) . Analysis of GBM patient samples revealed that Mnk1 overexpression correlates with elevated expression of the promigratory proteins vimentin and fi bronectin and a decreased expression of the epithelial markers E-cadherin and tight junction protein 1, suggesting a role for Mnk1 in mediating TGF-β -mediated transcriptional regulation (126) . Moreover, inhibition of SMAD2 phosphorylation by a specifi c inhibitor was found to exert antiproliferative effects similar to the Mnk inhibitor indicating an important role for Mnk1-mediated SMAD2 upregulation in the generation of the proproliferative and pro-epithelial-mesenchymal transition (EMT) inducing effects of Mnk1 (126) .
Expert perspective
Mnk kinases represent a central node in the regulation of proinfl ammatory cytokines and are involved in signaling for IFNs, IL-2, IL-15, and TGF-β . As infl ammation plays an important role in various human diseases, Mnk1 and Mnk2 are attractive candidates as therapeutic targets for autoimmune diseases, as well as anticancer agents. Notably, mice with a targeted disruption of either Mnk1 or Mnk2 or both Mnk1 and Mnk2 are characterized by a decrease or absence of eIF4E phosphorylation but otherwise exhibit no visible phenotype under unstressed conditions (8) . These observations suggest that clinical use of selective Mnk inhibitors may be feasible, possibly with limited toxicities in diseases or syndromes where the Mnk pathway is deregulated in affected cells (i.e., neoplastic cells). Many of the studies cited in this review used the Mnk inhibitor CGP57380 which targets both Mnk1 and Mnk2. CGP57380 is a low weight molecular compound that was identifi ed from the Novartis Pharma compound collection by in vitro kinase assays (127) and the IC 50 value against Mnk1 is seen at a concentration of 2.2 μ m (9) . In addition, CGP57380 inhibits casein kinase, MAP2K1, and BR serine/threonine-protein kinase 2 at concentrations comparable to those required for Mnk inhibition (128) . Therefore, the results of studies solely based on that Mnk inhibitor should be interpreted with caution. Recently, Konicek et al. (129) reported the identifi cation of cercosporamide, an antifungal agent, as an inhibitor of Mnk kinases with a higher specifi city. Nevertheless, this compound exhibits higher specifi city for Mnk2 as compared to Mnk1 (129) . Cercosporamide has been shown to exhibit antitumor effects in both in vitro and in vivo studies (129) , suggesting that cercosporamide or similar compounds could ultimately progress to clinical trials and emerge as therapeutics for cancer and autoimmune diseases.
Most of Mnk-mediated effects on translation refl ect their ability to phosphorylate eIF4E; however, Mnk substrates, such as hnRNPA1 and PSF may also play roles in mRNA translation or processing of their target mRNAs. Mnk kinases have also been shown to phosphorylate Sprouty2 (99) , a negative regulator of Erk phosphorylation (130) . In addition, it has also been suggested that the Mnk kinases mediate serine phosphorylation of cytosolic phospholipase A2 (cPLA2) in thrombin-stimulated platelets, facilitating cPLA2-mediated arachidonate release (131) . cPLA2 can play an important role in regulating neutrophil responses by modulating the production of the platelet-activating factor and other leukotrienes (132) and the potential involvement of the Mnk pathway in the process remains to be addressed in future studies.
Another area of potential translational relevance may be the differences in function among members of the Mnk kinase family. Although Mnk1 and Mnk2 share a high degree of homology, there are differences in their regulation by MAPKs and in their basal kinase activity. Mnk1 can bind both p38 MAPK and Erk, whereas Mnk2 can only bind Erk (7) . Engagement of Mnk kinases by external stimuli can be mediated by either p38 MAPK or Erk or both p38 MAPK and Erk (77) . As Mnk2 cannot bind p38 MAPK, it cannot be activated by stimuli that activate p38 MAPK. Therefore, Mnk1 and Mnk2 may play distinct roles in mediating cytokine production and regulating cytokine responses. Such differences could be exploited by the development of specifi c inhibitors, selectively targeting Mnk1 or Mnk2. Experimental evidence also suggests the existence of alternative splicing of both Mnk1 and Mnk2. Mnk1 has two alternatively spliced isoforms, Mnk1a and Mnk1b, which differ at their carboxyl terminal end. The shorter Mnk1b isoform results from a lack of exon 19 resulting in a change in reading frame that introduces a premature stop codon (133) . Unlike Mnk1a, Mnk1b is also localized in the nuclear compartment, where it may regulate the phosphorylation of eIF4E and possibly other nuclear proteins (134) . Mnk1b exhibits higher basal activity as compared to Mnk1a, possibly due to the lack of a C terminal end containing negative regulatory elements (6) . Interestingly, Mnk1b lacks a MAPK domain and therefore cannot be activated by either p38 MAPK or Erk (6) , suggesting regulation by other unknown mechanisms. As in the case of Mnk1, Mnk2 is also known to alternatively splice into two isoforms, Mnk2a and Mnk2b. The two isoforms differ in their carboxyl terminal ends due to an alternative exon 13 (5) . Mnk2b is shorter than Mnk2a, lacks a MAPK binding domain, exhibits low kinase activity towards eIF4E, and is also localized in the nucleus (5) . Mnk2b is known to interact with the estrogen receptor (ER) β leading to the suggestion that Mnk2b-mediated phosphorylation of ER β may result in the transcriptional regulation of ER regulated genes (135) . Another study has shown that overexpression of the splicing factor SF2/ASF exerts oncogenic properties and preferentially mediates the expression of the Mnk2b isoforms (136) .
Outlook
Various studies have focused on the role of the Mnk kinases and their downstream substrate eIF4E in regulating cancer progression by controlling mRNA translation or nuclear export of pro-oncogenic proteins (137, 138) . However, immune responses controlling the secretion of pro-and antiinfl ammatory cytokines can be important mediators of oncogenesis as well as tumor progression [reviewed in (139) ]. The experimental results discussed in this review point towards an important role for Mnk kinases in the production of proinfl ammatory cytokines. Tumor cells are known to secrete a variety of cytokines attracting lymphocytes and modulating their responses, leading to a proinfl ammatory and a protumorigenic state (139) . Mnk kinases mediate the production of IL-6 (16) , which is an important regulator of tumor initiation and progression (140) . Other Mnk regulated cytokines, such as IL-8 (141) , IL-1 β (142) , MCP-1 (143) , IL-17 (144) , RANTES (145) , TNF α (146) , and IL-4 (147) have also been shown to positively regulate cancer progression, metastasis, and chemoresistance. Therefore, inhibiting Mnk kinases can potentially block the production of multiple protumorigenic cytokines and exert potent anticancer effects on multiple cancer types. In addition to autoimmune diseases and cancer, proinfl ammatory cytokines are also known to play important roles in metabolic regulation in adipose tissue and expression of TNF α , IL-6, and IL-1 β and is elevated during obesity promoting insulin resistance [reviewed in (148) ]. As there is a well-established link between obesity and cancer [reviewed in (149) ], future studies to examine the potential roles of Mnk kinases in the process may provide interesting and therapeutically valuable information. Proinfl ammatory cytokine release by innate immune cells plays an important role in the induction of immune responses (13) and in light of the important role of the Mnk kinases in mediating proinfl ammatory cytokine release, it will be important to examine the role of Mnk-mediated cytokine release in future studies in mouse models in vivo.
Highlights
Mnk kinases play an important role in proinfl ammatory • cytokine production. Mnk-mediated cytokine production is controlled by post-• transcriptional regulation of cytokine expressions (i.e., TNF α , IL-17) or by transcription factors regulating cytokine production (i.e., RFLAT-1 
